The purpose of this study was to investigate the potential of measures of auditory short-term memory (ASTM) to provide a clinical measure of intrusion in tinnitus. Design: Response functions for six normal listeners on a delayed pitch discrimination task were contrasted in three conditions designed to manipulate attention in the presence and absence of simulated tinnitus:
INTRODUCTION
Sensorineural tinnitus is caused by abnormal neural activity originating in the cochlea, auditory nerve, or CNS (Tyler et al. 2007 ). Its presentation is associated with hearing loss in a majority of cases (Davis & Rafaie 2000) , and its incidence and severity increase with age (Møller 2007) . The subjective nature of tinnitus makes its severity difficult to assess: Correlations between audiometric and subjective reports of tinnitus are typically low, highlighting the role of nonauditory functions, such as attention and emotion in its expression and maintenance (Erlansson et al. 1992; Ueyama et al. 2013 ). Recent models implicate plastic changes in the connectivity between the auditory cortex and the limbic system, along with a maladaptive bias to attend to the tinnitus percept in the development of tinnitus-related distress (Mirz et al. 2000; Roberts et al. 2013) . These changes are likely to impact negatively on hearing as perceptual and cognitive resources used to process external sounds are diverted toward the internal percept (Cuny et al. 2004; Rossiter et al. 2006) .
One resource that may be particularly sensitive to competition during listening is auditory short-term memory (ASTM). In normal listeners, the precision of ASTM is inversely related to memory load (Kumar et al. 2013) . Precision describes the variability of recall around the true value of the remembered stimulus and is usually defined as the reciprocal of the standard deviation of listeners' responses during match-to-sample or continuous response tasks (Bays & Husain 2008; Bays et al. 2009 ). If changes in the precision of ASTM are an expression of competition for resources, and if problem tinnitus reflects a maladaptive bias toward the tinnitus percept, the diversion of resources should decrease the precision of recall for external sounds.
The present study is designed to investigate whether measures of ASTM provide a potential measure of "intrusion" in tinnitus.
To assess this possibility, we used a simulated tinnitus paradigm (e.g., Mirz et al. 2000; Andersson et al. 2002) to contrast normal listeners' responses on a delayed pitch discrimination task in the presence and absence of a "tinnitus-tone." In addition, we manipulated attention by asking listeners to report or ignore the amplitude of the tinnitus-tone when it was present. The former was designed to induce an attentional bias toward the tinnitus percept as is found in intrusive tinnitus, while the latter simulated the case of a listener who had habituated to the condition. If competition between sounds during encoding and maintenance modulates the precision of ASTM, recall on the delayed matchto-sample task should be more variable in the presence of simulated tinnitus, particularly when listeners are required to allocate resources to the tinnitus tone during listening.
MATERIALS AND METHODS

Participants
Six students from the University of Leicester were recruited to this study (4 females; mean age = 24.7 years). All participants reported normal hearing and no neurological disorders. The School of Psychology's Research Ethics Committee approved this study.
Stimuli
Stimuli for the delayed discrimination task were pure tones. Target tones were centered on three reference frequencies: 668, 750, and 842 Hz with an additional jitter of ±5 to 20 Hz to avoid any consolidation of targets in long-term memory. Probe tones differed from the target tone by ±5, 10, 20, 30, or 40 Hz. Target and probe tones were 250 msec long with 10-msec cosine onset and offset ramps. Tinnitus was simulated using a pure tone with a frequency of 1500 Hz. On 50% of trials, the amplitude of the tinnitus-tone was constant. On the remaining trials, the amplitude of the tinnitustone was modulated by 10% using a sinusoid with a frequency of 1 Hz. Sounds were presented binaurally at 72 dB SPL using headphones (HAD 200; Sennheiser Electronic Corporation).
Procedure
We used three listening conditions to compare performance in the absence and presence of simulated tinnitus: (1) no-tinnitus, (2) ignore-tinnitus, and (3) attend-tinnitus. Trials started with a visual prompt to listen before the target tone was presented 0.75 seconds later. Five seconds after the offset of the target, a probe tone was presented. Participants reported whether the probe tone was higher or lower in pitch than the target using the "up" and "down" keys on a standard keyboard. On no-tinnitus trials, probe and target tones were presented alone. On ignore-and attend-tinnitus trials, the two tones were accompanied by a tinnitus tone, which started 75 msec before the target and finished 75 msec after the probe. On ignore-tinnitus trials, participants were instructed to focus on the pitch discrimination task. On attend-tinnitus trials, participants were also asked whether the tinnitus tone was constant or amplitude modulated (see Supplemental Digital Content 1; http://links.lww.com/EANDH/A304). Once the response(s) had been recorded, a 250-msec burst of white noise signaled the start of the next trial.
Participants completed 5 blocks of 72 trials in each listening condition. Trials were blocked, and the order of presentation of listening conditions was counterbalanced across participants. Before starting the experiment, training was conducted to ensure that stimuli were presented at a comfortable level and participants understood the task. Stimulus presentation and data recording were controlled using custom-built software in MAT-LAB (Mathworks, Natick, MA) with Psychophysics toolbox extensions (Brainard 1997; Kleiner et al. 2007 ).
Analyses
Individual accuracy rates across target tones at each probetarget difference were transformed to the proportion of correct "higher" responses. Response distributions were fitted with the following cumulative Gaussian psychometric function:
where p is the probability of making a higher response, x is the probe-target difference, μ is the point of subjective equivalence (PSE), σ is the standard deviation of the normalized Gaussian function, and erf is the Gaussian error function (see Supplemental Digital Content 2; http://links.lww.com/EANDH/A305). The PSE indexes the point on the psychometric function at which higher and lower pitch responses are equally probable and σ the increase in the probe compared with the target frequency required for the listener to respond higher 84% of the time. Individual μ and σ parameters were estimated using a maximum likelihood procedure (Myung 2003) for each listening condition and compared across participants using nonparametric tests. Table 1 reveals a monotonic increase in mean σ estimates in the no-tinnitus, ignore-tinnitus, and attend-tinnitus conditions. This effect is evident in Figure 1 , where individual slopes for the ignore-and attend-tinnitus functions are generally shallower than those in the no-tinnitus condition. In the attend-tinnitus condition, participants correctly identified the modulation of the tinnitus tone on an average of 73% of trials [t(5) = 14.17, p < 0.001], indicating an ability to attend to the tinnitus as well as the target and probe tones on each trial. A related samples Friedman's test yielded a significant effect of listening condition on σ [χ 2 (2) = 7.00, p = 0.030; mean ranks: no-tinnitus = 1.17, ignore-tinnitus = 2.17, and attend-tinnitus = 2.67]. Post hoc Wilcoxon's signed rank tests revealed a significant increase in σ in the attend-tinnitus compared with the no-tinnitus condition (Z = −2.20, p = 0.028, r = 0.63), but no significant difference between σ estimates in the no-and ignore-tinnitus conditions (Z = −1.78, p = 0.075, r = 0.51). Differences in the PSE in the no-tinnitus, ignore-tinnitus, and attend-tinnitus were not statistically significant [χ 2 (2) = 4.00, p = 0.135]. The data, therefore, reveal a significant increase in the variability of delayed pitch discrimination responses when listeners were required to attend the amplitude of a concurrent tinnitus tone.
RESULTS
DISCUSSION
We investigated whether changes in the precision of ASTM provide a potential index of intrusion in tinnitus. The results reveal an increase in the variability of normal listeners' delayed pitch discrimination responses in the presence of simulated tinnitus. Mean estimates of σ increased monotonically from the no-tinnitus to the ignore-and attend-tinnitus conditions, with differences between the former and the latter reaching statistical significance in the attend-tinnitus condition only. At the individual level, σ estimates were higher in the attend-than in the no-tinnitus condition across all participants. Importantly, this increase is unlikely to reflect low-level masking, as the simulated tinnitus was separated from the probe and target tones by a large frequency difference (Moore 1995) . Increases in σ estimates were also observed in the ignoretinnitus compared with the no-tinnitus condition, although the increase did not reach significant level. Both contrasts revealed considerable variability in the effect of simulated tinnitus on the precision of recall across individuals. Although this reduced the power to detect differences between conditions, it also highlights differences in listeners' susceptibility to interference in the ignoreand attend-tinnitus conditions. In clinical tinnitus, the same variability may provide an individual measure of interference from the internal percept in different listening conditions.
The results above suggest that ASTM measures have the potential to provide a specific index of competition between external (Crawford & Garthwaite 2007) , which could be compared with normative data from appropriate controls, such as age-matched listeners with different levels of hearing loss and tinnitus severity (Adjamian et al. 2014 ). An alternative would be to contrast response distributions for immediate and delayed pitch discrimination tasks, when targetprobe differences in the former are titrated to equate individual differences in the absence of a retention period. The present results indicate that changes in the variability of ASTM provide a quantitative measure of intrusion from simulated tinnitus in listeners with normal hearing. Orienting attention toward the tinnitus tone produced a systematic increase in the variability of listeners' responses on a delayed pitch discrimination response task. Further work is required to determine how sensitive the same measure is to attentional biases in clinical tinnitus. Nevertheless, our results suggest that differences in ASTM between individuals with tinnitus and appropriate controls may provide an objective measure of competition between external sounds and the internal percept during listening and recall. In addition, simulation studies may provide a useful tool for investigating the perceptual consequences of tinnitus on hearing and provide further insights into the way attention and ASTM contribute to its maintenance and severity.
